Grey mold, caused by Botryis cinerea, is one of the most important diseases of strawberry in California. Management of grey mold typically relies on repeated fungicide applications. The occurrence of fungicide resistance in B. cinerea was examined in the Central Coast strawberry production region of California. In mid-May 2013, 59 samples consisting of a single diseased fruit or plant part with gray mold symptoms were collected from six different strawberry fields. Single hyphal tip cultures were then used for mycelial growth assays to compare sensitivities to four different fungicides-boscalid, fenhexamid, iprodione, and pyraclostrobin. Each isolate was tested against discriminatory doses of each of the fungicides. In addition, representative highly sensitive and highly resistant isolates were tested against a range of fungicide concentrations to determine EC 50 values. Although all of the 59 isolates were sensitive to iprodione, 37%, 31%, and 29% of the isolates were resistant to pyraclostrobin, fenhexamid, and boscalid, respectively. In some instances the isolates were dual and triple-resistant to these fungicides. EC 50 values were often higher than 100 mg/liter, which was the highest concentration used. Therefore, appropriate fungicide resistance management measures should be employed in strawberry growing areas of the Central Coast region of California.
INTRODUCTION
Strawberry (Fragaria × ananassa Duch.) is one of the most important fruit crops in the United States, with an estimated total value of >$2.8 billion from a total of 23,800 ha in 2014 (USDA-NASS 2014) . California is the largest strawberry producing state, accounting for 85% of the total production and 65% of the area under strawberry cultivation (USDA-NASS 2014; CDFA 2014) . Within California, the Central Coast region is one of the main strawberry production areas (Strand 2008) .
Gray mold of strawberries, caused by Botrytis cinerea, is a particularly destructive disease that causes considerable losses of the crop. In terms of economic impact, gray mold is ranked as the most important strawberry disease. If left unchecked, under ideal environmental conditions, substantial losses can occur before and after harvest (Maas 1998) . Gray mold management practices include plastic mulch, field sanitation, cultural practices to prevent fruit wetness and promote rapid drying of foliage, weather monitoring, and fungicide applications (Mertely et al. 2000; UC IPM 2008) . In many areas, routine fungicide applications are a common method of managing this disease in strawberries (Cooley et al. 1996) .
Fungicides from a number of different mode-of-action groups are used for management of gray mold of strawberry. The University of California's Statewide Integrated Pest Management Program recommends seven commercially available fungicides with nine different modes-of-action for gray mold on strawberries in California (UC IPM 2008). The causal agent of gray mold, B. cinerea, is considered a high-risk for development of fungicide resistance because of its short life cycle and prolific asexual reproduction, which allows for the rapid expression of target site mutations within the pathogen (Kim and Xiao 2011; FRAC 2013) . Botrytis cinerea isolates have been reported with resistance to benzimidazoles, diacarboximides, anilinopyryimidines, hydroxyanilides, and quinone outside inhibitors (Veloukas et al. 2011) . A recent study on the control of gray mold on table grapes after harvest during cold storage in California discovered that the fungicide sensitivity of the B. cinerea isolates collected in numerous vineyards was reduced to at least one of the seven fungicides tested, with the exception of fenhexamid, where reduced sensitivity was not found (Smilanick et al. 2010) .
The management of fungicide resistance in B. cinerea is a major challenge in control of gray mold of strawberry (Bardas et al. 2010; Baroffio et al. 2003) . Fungicides are the most used inseason pesticide by weight in strawberry production in California (CDPR 2014), resulting in heavy fungicide resistance selection pressure on the fungus. Fungicide resistance in B. cinerea from strawberries is an increasingly important problem (FernandezOrtuno et al. 2014; Weber 2011) . If the rate at which new fungicides with novel modes of action are introduced is slower than the rate of occurrence of resistance in B. cinerea, then it will be difficult for growers to continue to effectively manage gray mold of strawberries. Therefore, the objective of this study was to determine the occurrence of resistance to several commercially available fungicide active ingredients in B. cinerea on strawberries produced in California's Central Coast region. In this study, 59 B. cinerea isolates were screened against boscalid, fenhexamid, iprodione, and pyraclostrobin to determine the relative sensitivity of each isolate to each active ingredient. One of the fungicides tested included a combination of boscalid and pyraclostrobin (Pristine 20 WG). These active ingredients were selected to represent components of a typical fungicide spray program in strawberries in California.
ISOLATE COLLECTION
Botrytis cinerea samples were collected randomly from strawberry fields in Monterey County, California (Fig. 1) . Each sample was a single gray mold-diseased fruit or plant part. Samples were collected from six geographically different field locations. Within a single location, random samples were taken to represent within-field population variation. Each sample was collected by rubbing a sterile cotton swab against a sporulating lesion (Fig. 2) . The tip of the swab was broken off, sealed in a plastic tube, and transported to the lab. Isolation was conducted under a laminar-flow hood to reduce the chance of contamination. Swab tips were lightly brushed on a petri dish containing potato dextrose agar (PDA) plus 200 mg/liter penicillin and 200 mg/liter streptomycin sulfate. Petri dishes were incubated at 16°C under fluorescent lights for 24 to 48 h until mycelial growth was observed. Plugs were taken from the outer edges of the mycelial growth and transferred onto new PDA (without antibiotics) petri dishes. This process was repeated until a culture was obtained that was free of contamination. For each isolate, a single hyphal tip was excised under a dissecting microscope and transferred to PDA for production of a single genotype pure culture. Isolates not tested immediately were stored in a refrigerator at 6°C for no more than two weeks before use. A total of 59 isolates were collected from six different sampling locations. Twenty-two isolates were collected from a site north of Gonzalez, nine isolates from a site west of Gonzalez, eight isolates from a site southwest of Gonzalez, seven isolates from a site west of Soledad, ten isolates from site southwest of Soledad, and three isolates from a site south of Chualar.
FUNGICIDE SENSITIVITY TESTING
Two types of media were utilized in the fungicide resistance assays. One-percent malt extract agar was used for the nonamended control, fenhexamid, iprodione, and pyraclostrobin assays, and 0.5% yeast extract agar was used for the non-amended control and boscalid assay in order to avoid interference of sugars with the assay (Weber and Hahn 2011) . In addition, for the pyraclostrobin assays, salicylic hydroxamic acid (SHAM) was added to the malt extract agar at 100 mg/liter in order to inhibit the alternative oxidase respiration pathway (Olaya and Köller 1999; Kim and Xiao 2010; Kinay et al. 2007 ). Agars were prepared and autoclaved according to the manufacturer's instructions. Commercial fungicides were used to prepare fungicide-amended media. Cabrio EG (pyraclostrobin) and Endura (boscalid) were the sources of the two active ingredients in the combination product Pristine 20WG. Elevate 50WG was the source of fenhexamid and Rovral 48SC was the source of iprodione. Fungicides and SHAM were prepared as stock solutions and were added after autoclaving to the cooling agar (Brent and Hollomon 2007) . The fungicide active ingredients were suspended in various agars at two discriminatory concentrations chosen from the studies of Weber and Hahn (2011) . The treatments included non-amended control, 1 mg/liter boscalid, 50 mg/liter boscalid, 1 mg/liter fenhexamid, 50 mg/liter fenhexamid, 5 mg/liter iprodione, 50 mg/liter iprodione, 0.1 mg/liter pyraclostrobin + SHAM, and 10 mg/liter pyraclostrobin + SHAM.
A single 0.16-inch (4-mm) plug taken from the outer edges of a 7-day-old culture was placed upside down on the surface of the media. Radial mycelial growth was measured with a digital caliper after 48 h of growth at 20°C in the dark. These measurements were converted to the percent relative growth, which was calculated by dividing the diameter of the colony of each isolate on fungicide-amended agar by that of the nonamended control, then multiplying by 100 (Cox et al. 2009 ). Relative growth was assessed for four single-colony replicates per isolate. Isolates were divided into four sensitivity categories by the following guidelines: isolates with relative growth values <50% for both the low and high rate were categorized as "highly sensitive"; isolates whose relative growths were >50% at the low rate but <50% at the high rate were deemed as "moderately sensitive"; isolates with relative growth >50% for both the low and high rates but still exhibiting an evident dose response were categorized as "moderately resistant"; isolates with relative growth >50% for both the low and high rate and with little or no observable dose response were categorized as "highly resistant."
FIGURE 1
Map of California counties with Monterey County shaded red and the inset indicating the specific sampling locations.
FIGURE 2
Sampling of sporulating lesions on a strawberry infected with Botrytis cinerea.
Of those isolates screened, 28 isolates were sensitive to all four of the active ingredients included in the study. All isolates were sensitive to iprodione. Of the 59 isolates screened, 37% (22) exhibited reduced sensitivity to pyraclostrobin, 31% (18) exhibited reduced sensitivity to fenhexamid, and 29% (17) exhibited reduced sensitivity to boscalid (Table 1) .
Twelve isolates were found with resistance to a single active ingredient, with seven isolates resistant to only pyraclostrobin, three resistant to only fenhexamid, and two resistant to only boscalid. Twelve isolates were discovered with resistance to two active ingredients, with four isolates resistant to boscalid and fenhexamid, four resistant to boscalid and pyraclostrobin, and four resistant to fenhexamid and pyraclostrobin. Seven isolates were observed with triple resistance to boscalid, fenhexamid, and pyraclostrobin.
Fungicide-resistant isolates were discovered from all sampling locations (data not shown). There were not enough isolates from each location to analyze fungicide resistance profiles by location.
While resistance was found frequently in this study it is interesting to note that all isolates exhibited sensitivity to iprodione. This was unexpected because iprodione has been registered for use in strawberry for a number of years and is classified as a medium to high resistance risk compound (FRAC 2015) . In addition, the first confirmed cases of fungicide resistance were reported in 1979 in the dicarboximides, the fungicide class of iprodione (Eckert 1988) . The wide distribution of dicarboximide resistant isolates has greatly reduced the usefulness of these compounds in controlling gray mold in many countries (Ma and Michailides 2005; Leroux et al. 2002) . Label restrictions allowing for only a single iprodione application before the first bloom in strawberries and the relative concern over the effectiveness of dicarboximides as a whole may have led to a significant decrease in iprodione use for strawberry gray mold in California.
Boscalid and pyraclostrobin are applied together in strawberries as a two-active-ingredient, pre-mixed product called Pristine. Four of the 59 isolates in the study were resistant to both boscalid and pyraclostrobin, while seven isolates were resistant to boscalid, pyraclostrobin, and fenhexamid. This suggests the value of pre-mixed products in retarding the emergence and proliferation of fungicide resistant isolates should be investigated. Label restrictions allow the application of Pristine for control of gray mold five times in a growing season with no more than two sequential applications without switching to a different fungicidal active ingredient. Pristine is used extensively during the prolonged strawberry season in the Central Coast region (CDPR 2014; Steven T. Koike, University of California Cooperative Extension-Monterey County, 2013, personal communication) . The level of fenhexamid resistance identified in this study is similar to previous studies (Weber 2011; Grabke et al. 2013) .
EC 50 DETERMINATION
EC 50 is the effective concentration of fungicide necessary to reduce mycelial growth by 50% in comparison to growth in the absence of fungicide. For this experiment, two representative isolates from both the "highly resistant" and "highly sensitive" categories for bosacalid, fenhexamid, and pyraclostrobin, and two representative isolates from the "highly sensitive" category for iprodione were selected for further screening. These isolates were screened against a wider range of fungicide rates (0.01 to 100 mg/liter) in order to get a more detailed response of each isolate to a respective fungicide active ingredient. The methodology used was similar to first experiment with the only difference being the number of concentrations (treatments) used. The concentrations included a non-amended control, 0.01, 0.1, 1.0, 10.0, and 100.0 mg/liter of boscalid, fenhexamid, and iprodione, respectively, and 0.01, 0.1, 1.0, 10.0, and 100.0 mg/liter of pyraclostrobin + SHAM. These additional treatments allowed for the development of detailed dose response curves. The average EC 50 values were determined using a sigmoidal, logistic, 3 parameter non-linear regression in Sigma Plot 12.3 for each fungal isolate and fungicide active ingredient combination. The equation was as follows:
Where the coefficients a and b are the model parameters that were fitted, x is the concentration required to control 50% of the population, and y is equivalent to 50% relative growth. The EC 50 was estimated by solving for x with the given parameters.
The experiment was arranged as a completely randomized design where each petri dish was randomly distributed in an incubation room. Four replicates per isolate per active ingredient concentration were used. The average EC 50 values were generated from dose response curves by utilizing a sigmoidal, logistic, three-parameter, non-linear regression in Sigma Plot 12.3 for each selected fungal isolate and fungicide active ingredient combination.
The isolates showed differences in responses (percent relative growth) to boscalid, fenhexamid, and pyraclostrobin but not to iprodione. Based on these responses the EC 50 values showed a distinct difference between the sensitive and resistant isolates for boscalid, fenhexamid, and pyraclostrobin. The EC 50 values for isolates sensitive to boscalid were 0.13 and 0.29 mg/liter, whereas EC 50 values for isolates resistant to boscalid were greater than the highest concentration tested (>100 mg/liter). The EC 50 values for isolates sensitive to fenhexamid were 0.81 and 1.51 mg/liter, whereas the estimated EC 50 values for isolates resistant to fenhexamid were 36.3 mg/liter and greater than the highest concentration tested (>100 mg/liter). The EC 50 values calculated for the isolate sensitive to pyraclostrobin were 0.32 and 1.63 mg/liter, whereas the EC 50 for the isolates resistant to pyraclostrobin were greater than the highest concentration tested (>100 mg/liter). As mentioned earlier, none of the isolates showed resistance to iprodione and the EC 50 values of the sensitive isolates were 0.36 and 1.41 mg/liter.
CONCLUSIONS
Although this study had a relatively small sample, 37% of isolates were highly or moderately resistant to pyraclostrobin, 31% were highly or moderately resistant to fenhexamid, and 29% were highly or moderately resistant to boscalid. In addition, 37% of isolates were resistant to two fungicides and 12% were resistant to three fungicides. Forster and Staub (1996) estimated that a 25% share of highly or moderately resistant isolates in a field population could be sufficient to significantly decrease the efficacy of a fungicide and this proportion could very likely be less. Control of gray mold in California's Central Coast strawberry producing region is difficult because of the documented resistance to multiple chemical classes of fungicides. In addition, managing fungicide resistance in B. cinerea is difficult due to its vast host range, prolific reproduction, and the rapid expression of resistant biotypes within a population (Kim and Xiao 2011) . The fungicide rotation guidelines that are incorporated into label use restrictions by the fungicide manufacturers and pesticide regulatory agencies are designed to limit the occurrence of resistance and manage residue levels. These guidelines are developed by investigating baseline responses of a pathogen to a new chemical class before the introduction of that class to the market, and by evaluating and screening for resistance after a product has been released (Beresford 1994; Russell 2002) . For instance, specific labeling may allow a grower to use a product five times in a season but not make more than two consecutive applications before switching to a fungicide with a different mode of action. These types of guidelines are typical of fungicides that have been classified as having a medium to low risk of resistance development. Other classes of fungicides that have previously been described as having a high risk of the development of resistance are sometimes limited to only one application during a growing season (Brent and Hollomon 1995) .
The keys to managing fungicide resistance are prevention through integrated pest management, rotation of modes of action, and adjustment of fungicide programs supported by rapid detection of isolates exhibiting decreasing sensitivity to fungicides (Weber and Hahn 2011) . Many growers have implemented integrated pest management (IPM) programs with intensive scouting and non-chemical control methods (UC IPM 2008) . While these practices contribute to control, strawberry growers still often need to utilize chemical fungicides to protect their investment (Sorensen et al. 1997) . Although continued adherence to fungicide resistance management guidelines and fungicide label requirements is necessary, identification and development of additional effective practices is required to maintain current strawberry production levels in the Central Coast region of California.
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